bases for these effects are unclear.
A more complex role for the NPC in modulating transport is also apparent from early observations demonstrating that mutations in an individual yeast nup could differentially affect the import of distinct cargos (Nehrbass et al., 1993). Subsequently, data showing that certain kaps preferentially or exclusively interact with specific nups led to the hypothesis that at least some kaps may follow distinct pathways through the NPC ( Here, we have defined a previously uncharacterized role for the NPC in regulating import controlled by the yeast kap, Kap121p. Our analysis reveals that the NPC can specifically inhibit the Kap121p-mediated import pathway during the mitotic phase of the cell cycle. The inhibitory mechanism is initiated during mitosis by structural rearrangements within the NPC that expose a masked binding site for Kap121p on Nup53p. Nup53p thus functions as a transport inhibitory nup, slowing the movement of Kap121p into the nucleus and inducing Kap121p to release its cargo. The significance of this mechanism is underscored by data showing that the regulation of Kap121p-mediated import plays a key role in progression through mitosis. showed that the majority of kap121-34 cells in culture or long (Ͼ4 m) spindles at the indicated times. contained a 2C or greater complement of DNA ( Figure  1A) . Furthermore, shifting cultures to the nonpermissive temperature (37ЊC) for 3 hr led to an increase in the WT and kap121-34 cells suggesting that they progressed into mitosis at similar rates. However, the length number of mutant cells containing greater than 2C DNA content at 37ЊC ( Figure 1A) . of mitosis was extended in the kap121-34 mutant as the levels of Clb2p remained elevated for a significantly To further investigate the mitotic delay exhibited by the kap121-34 mutant, we monitored levels of the mitotic longer period of time than in WT cells ( Figure 1B ). This mitotic delay appears to be initiated at a point near the cyclin Clb2p. Upon release from ␣ factor-induced G1 arrest, levels of Clb2p rose at similar times in both the metaphase-anaphase transition. We observe that Pds1p degradation, an APC substrate eliminated at this point, was not affected in the kap121-34 mutant suggesting that cells normally approach this transition. However, an examination of spindle length following G1 release showed that kap121-34 cells were delayed in their transition from short spindles (1-4 m) to long spindles (Ͼ4 m; Figure 1C ), consistent with a mitotic delay beginning with progression from metaphase to anaphase.
Results

Progression through Mitosis Is Delayed
M Phase Specific Regulation of Kap121p-Mediated Transport
On the basis of the cell cycle defects observed in the kap121 mutants, we hypothesized that Kap121p plays a role in mediating the flux of mitotic regulators into the nucleoplasm. We envisioned two scenarios by which this could occur. In one case, nuclear levels of Kap121p cargo molecules could be regulated by either their levels of synthesis or ability to bind Kap121p. Alternatively, the import of Kap121p specific cargos could be controlled by altering the rate of Kap121p entry, and thus its cargo, into the nucleus. In this latter case, global changes in Kap121p-mediated import are predicted to accompany progression through mitosis. To address these two possibilities, we examined the levels of Kap121p-mediated import at various stages of the cell cycle using a GFP-tagged reporter cargo. Cells containing the reporter were synchronized in G1 phase using ␣ factor, in S phase using hydroxyurea, or in G2/M phase using nocodazole, and the steady-state distribution of the reporter was examined by fluorescence microscopy. The import of two separate Kap121p-specific import reporters was examined, a Pho4-NLS-GFP protein containing the NLS of the Pho4 transcription factor (Kaffman et al., 1998) and a Ste12-NLS-GFP fusion containing the C terminus of the Ste12p transcription factor (Leslie et al., 2002) . Both reporters were concentrated in the nucleus of cells arrested in S (Figure 2A ) and G1 phase (data not shown). In contrast, these reporters failed to accumulate in the nucleus and were distributed throughout the cell in cultures arrested in G2/M ( Figure  2A ). This same distribution pattern was also visible in a cdc15-2 mutant (Hartwell, 1971) arrested in telophase at the nonpermissive temperature ( Figure 2B ). These changes in import were not due to alterations in the we constructed an NLS that lacked phosphorylation sites by replacing each of the serine and threonine resi-dues with alanines (Pho4-NLS*). This mutant NLS was functional and its nuclear import was dependent on Kap121p ( Figure 2C ). When examined in nocodazolearrested cells, the import of Pho4-NLS*-GFP was inhibited ( Figure 2C ) demonstrating that phosphorylation of the reporter does not play a role in blocking its import. Furthermore, we failed to detect a change in the binding of Kap121p to the Pho4-NLS in G2/M phase-arrested cells, with similar amounts of the Pho4-NLS-GFP reporter being bound to Kap121-pA affinity-purified from cells arrested in G2/M or S phase ( Figure 2D ). These results support the idea that M phase import inhibition is not caused by the inability of Kap121p to bind its cargo. We concluded that the M phase specific defect in Kap121p-mediated import was likely due to an inhibition of the translocation of Kap121p through the NPC. 
Binding of Kap121p to the NPC Is Altered during Mitosis
The decreased entry of Kap121p into the nucleus during invoke a nup that interacts specifically with Kap121p. One candidate was Nup53p. Previous work has shown mitosis is likely explained by changes in its interactions with the NPC. Two possible mechanisms were envithat Nup53p isolated from asynchronous cell cultures is specifically associated with Kap121p (Marelli et al., sioned. First, lowering the affinity of Kap121p for nups could restrict its entry into the NPC. Alternatively, expo-1998). However, by the nature of these experiments it was unclear whether this interaction varied during the sure to high affinity binding sites could inhibit movement through the translocation channel. Since we did not decell cycle. To address this question, protein A tagged versions of Kap121p or Nup53p were purified from cell tect a global change in import, but rather only that mediated by Kap121p, the latter mechanism would likely cultures arrested in S or G2/M phase. Strikingly, these rested at the nonpermissive temperature in telophase (data not shown). Conversely, Nup53p was tightly bound to purified Nic96p in M phase-arrested cells, but only trace amounts of Nup53p were detected in S phasearrested cells ( Figure 4B ). Similar molecular rearrangements were not uniformly detected among nucleoporins during the cell cycle. For example, the associations of Nic96p with Nsp1p, Nup57p, and Nup49p were not altered ( Figure 4C ). These results suggest that specific molecular rearrangements occur in the NPC during M phase that allow Nup53p to interact with Kap121p and Nic96p. 
Nup53p Functions to Inhibit Kap121p-Mediated Import during Mitosis
Discussion
Here, we describe a mechanism for regulating nuclear import that is controlled by the NPC. While it is generally accepted that the regulation of nucleocytoplasmic transport in response to environmental cues or progression through the cell cycle can be controlled by modifications of a cargo, which alter binding to its cognate Figures 2C and 2D ) or in the permeability of the NE as measured using diffusion assays (data not 
Kap121p (
Kap121p-mediated transport is proposed to proceed through interactions with FG-nups (represented in gray). During interphase
Nup53p is bound to Nup170p, which masks the KBD of Nup53p and prevents its interaction with Kap121p. As cells enter M phase, Nup53p is phosphorylated, is no longer bound to Nup170p, and is detected in complex with Nic96p. Release from Nup170p exposes the KBD (shown in purple) and allows Kap121p to bind to Nup53p. We propose that the KBD is a high-affinity Kap121p binding site and, therefore serves to slow Kap121p's translocation through the NPC. In addition, competition between the KBD and a cargo NLS results in the premature release of cargo from Kap121p. elli et al., 1998) and we identified a region within Nup53p 
